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INTRODUCTION
A fundamental attribute of immune systems is their ability to distinguish foreign from self elements, which is imperative for the host to eliminate invading pathogens while avoiding autoimmunity (Boehm, 2006) . Clustered regularly interspaced short palindromic repeats (CRISPR) loci and CRISPR-associated (cas) genes represent an adaptive immune mechanism for prokaryotes to defend against phage and plasmid infection (Barrangou et al., 2007; Marraffini and Sontheimer, 2008) . In this mechanism, fragments of the invading DNA are inserted between CRISPR repeats in the host genome. The inserts, known as spacers, are subsequently transcribed and processed into CRISPR RNA (crRNA), which assemble with a specific set of Cas proteins to form ribonucleoprotein effector complexes.
Upon re-infection, immunity is conferred by crRNA-guided recognition and degradation of the invading genetic element by the effector complex.
Based on their cas gene content, CRISPR-Cas systems can be classified into six major types (I-VI) (Koonin et al., 2017) . Type III systems, which are identified by their signature cas10 gene, are further divided into subtypes: III-A/D, which encodes the Cas10-Csm complex, and III-B/C, which encodes the Cas10-Cmr complex. Type III effector complexes employ a uniquely elaborate targeting mechanism Tamulaitis et al., 2017) in which active transcription of the target sequence is required for CRISPR immunity (Deng et al., 2013; Goldberg et al., 2014) . crRNA derived from the spacer-repeat array guides the Cas10-Csm/Cmr complex to transcribed target RNA containing a protospacer sequence complementary to the crRNA spacer. Multiple copies of the Csm3/Cmr4 subunit in the complex-harboring crRNA-guided RNase activity-cleave the target RNA in 6-nucleotide (nt) intervals (Hale et al., 2009; Samai et al., 2015; Staals et al., 2013; Tamulaitis et al., 2014; Zhang et al., 2012) . Binding of the complex to the target RNA further triggers single-stranded DNA (ssDNA) degradation, which is carried out by the Cas10 subunit (Elmore et al., 2016; Estrella et al., 2016; Kazlauskiene et al., 2016) . Besides the DNase activity, Cas10 also harbors the catalytic activity to convert ATP into cyclic oligoadenylates (cOA) (Kazlauskiene et al., 2017; Niewoehner et al., 2017) . This signaling molecule activates Csm6-another RNase encoded by the type III-A loci-for non-specific RNA degradation, which becomes essential for immunity when the target is located in late-expressed genes or contains mismatches to the spacer .
Such an RNA-DNA dual-targeting mechanism contrasts with the one employed by type I and II systems, which generally target double-stranded DNA (dsDNA). Moreover, type III systems adopt a distinctive mechanism for self versus non-self discrimination. To specify a target, type I and II systems recognize short (2-4 nt) protospacer adjacent motifs (PAMs), which are present in the invading DNA but absent from the host's own CRISPR repeats (Gasiunas et al., 2012; Mojica et al., 2009) . By contrast, type III systems rely on the crRNA ''tag,'' an 8-nt sequence derived from the CRISPR repeat located at the 5 0 flank of mature crRNA. Non-complementarity between the crRNA tag and the 3 0 flanking sequence of the protospacer licenses a foreign target and triggers an immune response, whereas complementarity specifies host genetic elements and prevents self targeting (Marraffini and Sontheimer, 2010) . Notably, homology between the crRNA tag and the 3 0 -flanking target sequence does not affect RNA cleavage, but rather inhibits ssDNA cleavage by Cas10 (Kazlauskiene et al., 2016; Samai et al., 2015) . However, the molecular mechanism by which Cas10's DNase activity is switched on or off by the 3 0 -flanking sequence remains unknown.
Compared to other CRISPR types, type III systems also display an unusually high level of tolerance to mutations in the protospacer sequence (Goldberg et al., 2014; Kazlauskiene et al., 2016; Manica et al., 2013; Maniv et al., 2016; Peng et al., 2015; Staals et al., 2014) . A recent comprehensive mutational survey confirmed the broad target specificity and further showed that the accumulation of mutations may weaken, but not abrogate, the immune response to varying degrees depending on the position of the mutations in the protospacer . Nonetheless, how the strength of immunity is differentially modulated by target mutations is still poorly understood.
Single-molecule techniques are powerful tools for dissecting dynamic protein-nucleic acid interactions and have been employed to study types I, II, and V CRISPR-Cas systems (Blosser et al., 2015; Chen et al., 2017; Dagdas et al., 2017; Dillard et al., 2018; Jeon et al., 2018; Lim et al., 2016; Loeff et al., 2018; Osuka et al., 2018; Redding et al., 2015; Rutkauskas et al., 2015; Singh et al., 2016 Singh et al., , 2018 Sternberg et al., 2014; Szczelkun et al., 2014; Xue et al., 2017; Yang et al., 2018) . Here, we used single-molecule fluorescence microscopy to investigate the targeting mechanism of a type III-A Cas10-Csm complex. We found that Cas10 displays strikingly distinct behaviors on self versus non-self RNA: it is locked in a static configuration on host CRISPR transcripts, but samples a large conformational space upon binding to foreign RNA. Among the many states explored by Cas10 on target RNA, a subset is enriched by the presence of ssDNA or ATP and is sensitively modulated by mutations in the protospacer region of the target. The occupancy of Cas10 at these states is predictive of the CRISPR interference efficiency measured in vivo, suggesting that they correspond to the active configuration of the effector complex. These results highlight the exquisite allosteric regulation of the conformational fluctuations of the effector complex by the target sequence and provide the molecular basis for self versus non-self discrimination and mutation tolerance in type III CRISPR-Cas immunity.
RESULTS

Single-Molecule Fluorescence Platform for Studying Type III CRISPR-Cas Immunity
We chose the type III-A CRISPR-Cas system from Staphylococcus epidermidis as our model system. Its CRISPR loci encode for a Cas10-Csm complex composed of Cas10(3 1), Csm2(3 3), Csm3(3 5), Csm4(3 1), Csm5(3 1), and a crRNA. We used an engineered S. epidermidis CRISPR-Cas locus that contains one single spacer targeting the capsid gene gp43 of the staphylococcal lytic phage FNM1g6 ( Figure S1 ; Jiang et al., 2016) . Cas10-Csm complexes harboring mature crRNA were heterologously expressed in Escherichia coli. For single-molecule experiments, RNA substrates were labeled with a biotin and a Cy3 fluorophore at opposite ends. Individual RNA molecules were immobilized on a glass coverslip, and their fluorescence signals were detected by total-internal-reflection fluorescence microscopy. RNA cleavage by the Cas10-Csm complex would result in release of the fluorophore into the solution and, thus, a decrease in the surface density of Cy3 fluorescent spots ( Figure 1A ). Three types of RNA substrates were assessed ( Figure 1B) : (1) a wild-type (''WT'') RNA-mimicking bona fide RNA targets-that contains a 35-nt protospacer sequence complementary to the crRNA spacer and a 3 0 -flanking sequence that is non-complementary to the crRNA 5 0 tag; (2) an ''anti-tag'' RNA-mimicking RNA molecules generated by antisense transcription of the host's own CRISPR array-that contains both a matching protospacer sequence and an 8-nt 3 0 -flanking anti-tag sequence; and (3) a ''non-specific'' RNA containing a scrambled sequence with no homology to the crRNA. In the presence of Mg 2+ , the surface density of WT and anti-tag RNAs decreased at similar rates, demonstrating that these two substrates were both efficiently cleaved by Csm3 (Figures 1C and 1D) . The rate obtained from the single-molecule assay was comparable to that measured in bulk ( Figure 1D ). In contrast, minimal cleavage was observed with the non-specific RNA or in the absence of Mg 2+ (Figures 1D and S2A ). These results are consistent with previous studies showing that base pairing with the crRNA tag, as is the case for the anti-tag RNA, does not inhibit the RNA cleavage activity of the effector complex Tamulaitis et al., 2014) . It is noteworthy that RNA cleavage products are quickly released by the complex-as reflected by the disappearance of fluorescent spots from the surface-unlike Cas9-mediated DNA targeting, in which DNA remains stably bound to the complex even after cleavage (Sternberg et al., 2014) . This feature ensures a tight temporal control of the ssDNA degradation and cOA synthesis activities of Cas10, which rely on target RNA engagement (Kazlauskiene et al., 2016; Rouillon et al., 2018) . It also potentially allows the type III effector complex to process multiple targets within a short time window.
Dynamic Interaction between the Cas10-Csm Complex and Its RNA Target
Since both self and non-self RNAs can be equally recognized by type III CRISPR complexes for cleavage, we postulated that self versus non-self discrimination might be manifested in distinct binding configurations of the Cas10-Csm complex on different RNA targets. To test this hypothesis, we used single-molecule fluorescence resonance energy transfer (FRET) to probe the interactions between Cas10-Csm and various RNA substrates. We began by focusing on the WT RNA, which mimics transcripts of foreign elements. We designed several FRET labeling schemes based on the structural model for the target-bound Cas10-Csm complex (Kazlauskiene et al., 2016; Osawa et al., 2015; Tamulaitis et al., 2017; Taylor et al., 2015; Figures S1B, S1C, and S2B) . First, we attached the FRET donor (Cy3) to the 5 0 end of the WT RNA and the FRET acceptor (AlexaFluor647) to the Csm5 subunit, which is located at the distal side of the crRNA tag and Cas10 (Figure 2A ). Single-molecule data were collected in an EDTA-containing buffer in order to prevent RNA degradation. Binding of Csm5-labeled Cas10-Csm complexes to 5 0 -end-labeled WT RNA resulted in a stable FRET state in the vast majority of single-molecule trajectories (93%; Figure 2A ).
The distribution of FRET efficiency (E) built from many molecules displayed a single peak centered at 0.25 ( Figure 2B ). This result suggests that the Cas10-distal end of the target-bound complex is largely static.
We then moved the FRET pair to the Cas10-proximal end of the complex, with the donor attached to the 3 0 end of the WT RNA and the acceptor labeled on the Csm4 subunit, which makes contacts with the crRNA tag (Figures S1B and S1C). Again we observed one predominant FRET state (E 0.23) (91% of the trajectories are static; Figures 2C and 2D ), suggesting that the 3 0 -flanking region of the WT RNA, even though unable to base pair with the crRNA tag, is nonetheless stationary relative to Csm4.
We then placed the acceptor fluorophore at the N terminus of Cas10, the largest subunit in the complex and the signature protein of all type III systems (Figures S1B and S1C). In contrast to the previous two labeling schemes, most of the FRET trajectories (80%) obtained with Cas10-labeled complexes and 3 0 -endlabeled WT RNA were highly dynamic, rapidly sampling many different states (Figures 2E and S3A) . Accordingly, we observed a broad FRET distribution, with E spanning from 0.1 to 0.8 (Figure 2F) . This finding reveals that Cas10 is highly mobile with respect to the rest of the complex.
To evaluate whether the observed Cas10 dynamics occur within a single domain or across the whole subunit, we attached an acceptor fluorophore (Cy5) to two alternative positions in Cas10: L201 in its HD domain and L573 in its PALM domain (Figures S1B and S1C). Both labeled complexes displayed rapid and large-scale fluctuations in the FRET trajectories and broad FRET distributions (E spanning from 0.1 to 0.9; Figures 2G-2J, S3B, and S3C). Together, these results demonstrate that the entire Cas10 protein undergoes conformational fluctuations when bound to non-self RNA targets.
Distinct Behaviors of Cas10 on Self versus Non-self RNA Next, we performed the same set of FRET measurements on the anti-tag RNA, which mimics transcripts derived from the host's own CRISPR loci. The FRET distribution for Csm5-labeled complexes on 5 0 -end-labeled anti-tag RNA exhibited a single peak at 0.25 (95% of the trajectories are static; Figures 3A and 3B) , indistinguishable from that for the WT RNA ( Figure 2B ). The FRET distribution for Csm4-labeled complexes on 3 0 -endlabeled anti-tag RNA again showed a single peak (90% of the trajectories are static; Figures 3C and 3D ), but with a modest increase in the FRET value of the peak center (E 0.28) compared to the corresponding distribution for the WT RNA ( Figure 2D ). (D) Cleavage kinetics for different RNA substrates plotted as the average surface density of molecules against time after Mg 2+ addition. The surface density of WT RNA remained unchanged when an EDTA-containing buffer without Mg 2+ was added (purple triangles). The WT RNA cleavage kinetics measured from a bulk assay is shown in yellow circles. Data are represented as mean ± SD from multiple fields of view (n > 10) for the single-molecule assay or three replicates for the bulk assay. See also Figures S1 and S2. This difference can be rationalized by the base pairing between the crRNA tag and the 3 0 -flanking region of the anti-tag RNA, which conceivably brings the 3 0 end of the RNA closer to Csm4 (Tamulaitis et al., 2017) .
Strikingly, interrogation of Cas10-labeled complexes on the anti-tag RNA revealed a major difference. The vast majority (85%) of binding events of N-terminal-labeled Cas10 on 3 0 -end-labeled anti-tag RNA exhibited a stable, low-FRET state (E 0.29) ( Figures 3E and 3F ), in stark contrast to the wide fluctuations observed in the corresponding FRET traces for the WT RNA (Figures 2E and 2F) . Similarly, Cas10 with the acceptor fluorophore placed inside either its HD domain or its PALM domain showed a largely static behavior on the anti-tag RNA ( Figure S4 ). Thus, complementarity between the crRNA tag and the 3 0 -flanking sequence of the anti-tag RNA constrains Cas10 in a stable, presumably inactive configuration.
We then sought to further dissect the sequence determinants in the 3 0 -flanking region of the target RNA that suppress the conformational fluctuations of Cas10. A structural model for a type III-A Cas10-Csm complex proposed that only four nucleotides (positions 4-7) of the 8-nt crRNA tag are available for base pairing with the target RNA (Kazlauskiene et al., 2016) . We thus examined Cas10 dynamics on an RNA substrate with its 3 0 -flanking sequence complementary to the crRNA tag only at positions 4-7 (termed anti-tag 4-7 ; Figure 3G ). Using N-terminus-labeled Cas10 and 3 0 -end-labeled Anti-tag 4-7 RNA, we obtained a FRET distribution that resembles the one for the fully complementary anti-tag RNA, displaying a dominant low-FRET peak (Figures 3F and 3H) . We did observe a modest shoulder within higher FRET regions ( Figure 3H ), suggesting a slightly higher tendency of Cas10 to visit other states.
Self RNA Inhibits Activation of the Cas10-Csm Complex
To correlate the single-molecule data to in vivo immune responses elicited by the WT and anti-tag RNAs, we conducted a bacterial transformation assay to measure the strength of CRISPR immunity (Marraffini and Sontheimer, 2010; Samai et al., 2015) using the same target sequences as in the singlemolecule experiments. In this assay, Staphylococcus aureus strains were transformed with two plasmids: (1) pCRISPR carrying an S. epidermidis type III-A CRISPR-Cas system with the gp43 spacer or a control plasmid (pCRISPRDspc) with a non-matching spacer and (2) a plasmid encoding either the WT RNA (pTarget WT ) or the Anti-tag RNA (pTarget Anti-tag ) under the control of an anhydrotetracycline (aTc)-inducible promoter ( Figure 4A ). Activation of Cas10 by target RNA binding would lead to degradation of the target plasmid and inhibition of transformation.
In the absence of aTc, there was no target transcription to activate Cas10 and, therefore, no degradation of pTarget DNA. As expected, we measured a high efficiency of transformation for both pTarget WT and pTarget Anti-tag ( Figure 4B ). In the presence of aTc, transformation of pTarget WT was essentially abrogated ( Figures 4B and 4C ), suggesting effective elimination of the plasmid DNA by Cas10. In contrast, induction of pTarget Anti-tag transcription still resulted in a substantial number of transformants comparable to the pCRISPRDspc control (Figures 4B and 4C) , indicating that the CRISPR immunity is greatly diminished by the anti-tag RNA.
The in vitro and in vivo results together suggest that the distinct behavior of Cas10 on WT versus anti-tag RNA is correlated to the ability of the type III CRISPR-Cas system to provide immunity to the host cell; the stable FRET state observed with the antitag RNA likely represents an inactive configuration of Cas10, whereas WT RNA engagement unlocks Cas10 and prompts it to quickly access many conformational states, a subset of which enables the effector complex to degrade the invader plasmid.
Protospacer Mutations Differentially Modulate Cas10 Dynamics
We have shown that complementarity between the 3 0 -flanking region of the protospacer and the crRNA 5 0 tag dramatically influences the behavior of Cas10. Next we investigated the effect of mismatches within the protospacer on Cas10 dynamics. We mutagenized the first (closest to the crRNA tag), second, or last 10-nt segments of the 35-nt protospacer sequence in order to create mismatches against the corresponding segment of the crRNA spacer. The mismatched RNA targets are termed MM1-10, MM11-20, and MM26-35, respectively ( Figure 5A ). Bulk biochemical experiments showed that mismatches specifically inhibit RNA cleavage within the mutated segment (Figure S5) , confirming the requirement of base pairing between spacer and protospacer for RNA cleavage and the independent activities of the multiple copies of Csm3 (Staals et al., 2014) .
We then performed single-molecule FRET assays to interrogate the interactions of the Cas10-Csm complex with the mismatched RNA targets. We used complexes harboring RNase-deficient Csm3 D32A mutants in order to monitor the behavior of Cas10 in a Mg 2+ -containing buffer ( Figure S2B ). Cas10 exhibited conformational fluctuations on all mismatched targets (73% of the trajectories are dynamic for MM1-10; 78% for MM11-20; 76% for MM26-35; Figures 5B and S6A ), similar to the WT RNA but in opposition to the anti-tag RNA. Notably, the FRET distribution varied among different targets, shifting toward lower FRET values and deviating further from the distribution for the WT RNA as the mismatches move from tag-distal to tag-proximal regions ( Figure 5C ).
To quantify the effects of mismatches on Cas10 dynamics, we employed hidden-Markov-modeling (HMM) analysis (McKinney et al., 2006) to identify distinct FRET states in the single-molecule trajectories and transitions between them (orange lines in Figures 5B and S6A) . The resulting transition density plots (TDP) display the relative frequencies of transitions binned by the FRET values before and after each transition. We separated the HMM-fitted states into four groups: G 1 (E % 0.3), G 2 (0.3 < E % 0.4), G 3 (0.4 < E % 0.55), and G 4 (E > 0.55) (Figure 5D) . A comparison of TDP for different targets revealed that the WT, MM26-35, MM11-20, and MM1-10 RNA exhibit transition frequencies between the high FRET groups G 3 and G 4 (f 3-4 and f 4-3 ) in a descending order ( Figures 5E and S6B ). The opposite pattern was observed for the transition frequencies between the low FRET groups G 1 and G 2 (f 1-2 and f 2-1 ) ( Figure 5E ). These results demonstrate that protospacer mutations differentially influence the conformational distribution of Cas10, with tagproximal mutations (MM1-10) having the strongest effect and tag-distal ones (MM26-35) the weakest.
Conformational Distribution of Cas10 Correlates with CRISPR Interference Activity
To investigate the relationship between the conformational distribution of Cas10 and the strength of type III CRISPR immunity, we next performed the transformation assay described in Figure 4 . Evaluation of Type III CRISPR Immunity against Self versus Non-self Elements (A) Schematic of the bacterial transformation assay. S. aureus strains with pTarget (Erm R ) were transformed with pCRISPR (Chlor R ) and plated onto chloramphenicol and erythromycin for double selection. In the absence of aTc, the tetracycline repressor (TetR) prevents target transcription. As a result, no CRISPR immunity is conferred against pTarget. In the presence of aTc, the target sequence on pTarget is transcribed, which triggers CRISPR immunity against the plasmid. Degradation of pTarget results in the loss of erythromycin resistance, thereby reducing the transformation efficiency. (B) Representative plates of staphylococci colonies under different targeting conditions. In the presence of aTc, transformation of pTarget WT plasmid was greatly diminished, indicating effective immunity induced by WT RNA transcription. By contrast, pTarget Anti-tag plasmid remained at a similar high level of transformation as the non-induction condition, suggesting impaired CRISPR immunity caused by the anti-tag RNA. As a control, both plasmids had similar high efficiencies of transformation into cells harboring pCRISPRDspc. (C) Transformation efficiencies of pTarget WT and pTarget Anti-tag into cells containing the pCRISPR (orange bars) or pCRISPRDspc (blue bars) plasmid. The transformation efficiency is calculated as the ratio of colony-forming units (CFU) per microgram of plasmid DNA transformed in the presence and absence of aTc. Data are represented as mean ± SEM (three independent experiments). Figure 4A with pTarget plasmids encoding the mismatched RNA targets (pTarget MM1-10 , pTarget MM11-20 , and pTarget ). The strength of immunity-reflected by the pTarget transformation efficiency-decreases as the target mismatches move from tag-distal (MM26-35) to tag-proximal (MM1-10) regions (Figure 5F, orange bars) . Importantly, this trend matches well with the gradual shift in the distribution of Cas10's conformational states obtained from single-molecule FRET measurements (Figures 5C-5E ). Hence, the conformational distribution of Cas10 is correlated with in vivo CRISPR interference activity: the more time Cas10 spends in the high FRET states, the stronger immunity the Cas10-Csm complex confers.
Single-Stranded DNA and ATP Enriches Specific Cas10 Conformations
Among the various RNA targets studied here, anti-tag and MM1-10 elicited the weakest immune responses (Figures 4C  and 5F ). They also resulted in predominantly low FRET populations (E < 0.4) upon Cas10-Csm binding (Figures 3F and  5C ). On the contrary, WT and MM26-35 RNAs induced Cas10 to occupy higher FRET states and, accordingly, triggered robust anti-plasmid immunity (Figures 5C-5F) . These results prompted us to propose that Cas10 becomes DNase-active when accessing the higher FRET states. To further determine the identity of the active state of Cas10, we reasoned that it would be enriched by the engagement of DNA substrates. Thus, we examined the effect of DNA on the conformational distribution of Cas10.
Using the Cas10-N terminus/RNA-3 0 end labeling scheme, we obtained single-molecule FRET trajectories with the WT RNA target in the presence of 55-nt-long linear ssDNA that contains the same base sequence as the WT RNA ( Figures 6A and S7A) . The trajectories remained highly dynamic, but the relative population of the highest FRET group G 4 (E > 0.55) significantly increased ( Figure 6B ). Moreover, TDP analysis revealed that ssDNA caused a higher probability for effector complexes residing in other FRET groups to transition to G 4 ( Figures 6C and S7B) . Interestingly, double-stranded DNA (dsDNA) of the same length and sequence had little effect on the FRET distribution ( Figures 6B and 6C) , corroborating previous reports that dsDNA is not a good substrate for Cas10 (Estrella et al., 2016; Kazlauskiene et al., 2016) . These results strongly suggest that G 4 represents the DNase-active form of the Cas10-Csm effector complex.
We then assessed the impact of ssDNA on Cas10 dynamics using the other two labeling positions, L201 in the HD domain and L573 in the PALM domain. We found that ssDNA modestly enriches specific FRET states (E 0.42 for L201; E 0.67 for L573; Figures 6D and 6E) . Given that Cas10 harbors another activity-converting ATP to cOA-we also examined the effect of ATP; we found that ATP causes a similar, if not stronger, level (C) The likelihood of complexes in G 2 or G 3 transitioning to G 4 -shown as the ratio of transition frequencies to G 4 and to the other groups-with or without DNA. (D) FRET contour plots using Cas10 labeled with FRET acceptor in its HD domain and donor-labeled WT RNA (left), in the presence of 500 nM ssDNA (middle), and in the presence of 2.5 mM ATP (right). (E) Same as above, except using Cas10 labeled with acceptor in its PALM domain. Data are represented as mean ± SEM. See also Figure S7. of consolidation in the FRET distribution, especially in the PALMdomain-labeled complex ( Figure 6E) , consistent with previous studies that mapped the ATP conversion activity to the PALM domain of Cas10 (Kazlauskiene et al., 2017; Niewoehner et al., 2017) .
DISCUSSION
Type III CRISPR-Cas systems employ an elaborate targeting mechanism to degrade both the invading DNA and its RNA transcripts. The extraordinary complexity compared to other CRISPR systems allows for exquisite spatiotemporal control of the immune response (Tamulaitis et al., 2017) . Here we present, to our knowledge, the first single-molecule study of type III CRISPR immunity, which provides a molecular basis for the discrimination between self and non-self genetic elements and the unusually high tolerance to target mutations by type III systems (Figure 7) . Central to our findings is the remarkable conformational flexibility of Cas10, the signature subunit of type III effector complexes. Our results suggest that the confor-mational distribution of Cas10 plays a major role in regulating the CRISPR interference activity of the effector complex.
Discrimination Between Self and Non-self
Unlike type I (Cascade), II (Cas9), and V (Cpf1) systems, which recognize specific PAM sequences to license foreign DNA, type III systems recognize specific protospacer flanking sequences-ones that are complementary to the crRNA tag-to identify self RNA (Mohanraju et al., 2016) . The molecular underpinning of this unique discrimination mechanism has remained puzzling, because the type III machinery displays non-discriminatory binding and cleavage activities on any RNA that contains the protospacer sequence-self or non-self. Here we show that the discriminatory step is manifested in the distinctive Cas10 conformational dynamics. Foreign RNA binding enables Cas10 to quickly sample a large conformational space, including a plausible DNase-active configuration. Engagement with DNA substrates further enhances Cas10's propensity for residing at the active configuration. On the other hand, self (anti-tag) RNA dramatically represses the structural fluctuations of Cas10 and Complementarity between the crRNA 5 0 tag and the anti-tag sequence within the RNA transcribed from the host's CRISPR locus locks Cas10 in an inactive state and suppresses CRISPR immunity. On the contrary, transcripts derived from foreign elements lack sequence homology to the crRNA tag, thereby enabling conformational fluctuations of Cas10 and conferring robust immunity. Mutations in the protospacer sequence of the target differentially modulate the behavior of Cas10: tag-proximal mismatches depopulate Cas10 from its active state, whereas tag-distal ones yield WT-like dynamics. As a result, type III CRISPR-Cas systems exhibit broad target specificity and can tolerate target mutations to varying degrees.
stabilizes it in an inactive configuration. As a result, the occupancy of Cas10 at the active state is greatly diminished, thereby effectively preventing self-targeting. A comparison between anti-tag and anti-tag 4-7 RNA results indicates that base pairing at nucleotide positions 4-7 of the crRNA tag is the main determinant for suppressing Cas10's conformational flexibility; but other positions in the 3 0 -flanking region of the target RNA may also play a minor role in self versus non-self discrimination. High-resolution structures are needed to provide atomic details of the self-RNA-bound Cas10-Csm complex and explain how base pairing between the crRNA tag and the target RNA 3 0 -flanking sequence deactivates Cas10.
Mutation Tolerance
Phages are constantly evolving to avoid elimination by prokaryotic defense systems. Type I and II CRISPR-Cas systems are extremely sensitive to mutations in the PAM-proximal region of the protospacer, also known as the seed region (Semenova et al., 2011; Wiedenheft et al., 2011) . Single-nucleotide mutations in the seed or PAM region abolish immunity and cause viral escape. Mismatches in PAM-distal regions are tolerated to some extent, but they still cause compromised immune responses (Wu et al., 2014) . Such strict sequence requirements are related to the process of target recognition, in which initial PAM binding leads to directional unwinding of the dsDNA and formation of the RNA:DNA heteroduplex (R-loop) from the seed throughout the protospacer. Target mutations inhibit R-loop formation and reduce its stability, thereby compromising the efficiency of CRISPR interference (Blosser et al., 2015; Szczelkun et al., 2014) . In comparison, the entire single-stranded RNA target sequence in type III systems is directly available for base pairing with crRNA, circumventing the need for duplex unwinding. Hence any single-point mutation is unlikely to significantly affect the affinity between the target RNA and the effector complex. Nonetheless, mismatches do affect type III interference efficiency to varying degrees . Our data offer an explanation for this effect: mismatches in different regions of the protospacer differentially alter the conformational distribution of Cas10. For the gp43 spacer used in this work, mismatches from tag-distal to tag-proximal regions increasingly populate Cas10 in the inactive mode, resulting in decreasing immunity observed in vivo. Based on the few spacers examined in our current and prior studies , this spatial pattern of mismatch sensitivity seems to be generalizable. The quantitative level of inhibition by mismatches, on the other hand, is likely spacer specific.
The base-pairing status of the spacer:protospacer region, which resides within the backbone of the effector complex, allosterically modulates the behavior of Cas10. But none of the mismatched targets abolishes the catalytically active population of Cas10 to the same extent as the anti-tag RNA. Consequently, type III systems display broad tolerance to target mutations. Viral escape necessitates a full deletion of the target or a particular set of mutations that create a perfect match with the crRNA tag, both of which are rare events. Therefore, type III CRISPR-Cas systems have evolved an elegant strategy that provides robust immune responses and greatly limits viral escape while at the same time effectively avoiding autoimmunity.
Internal Dynamics of the Effector Complex Dictate CRISPR-Cas Immunity
The striking correlation between the conformational distribution of Cas10 and the strength of type III CRISPR immunity enabled us to deduce the active and inactive states of the Cas10-Csm complex. The two types of substrates of Cas10's enzymatic reactions-ssDNA and ATP-both influence Cas10's highly dynamic conformational fluctuations, which take place across the whole subunit. Such influence would be difficult to characterize quantitatively by methods other than real-time single-molecule measurements. Future experiments of this kind will elucidate the specific and distinct conformational states associated with DNA cleavage and ATP conversion activities. Notably, the dynamic nature of the effector complex appears to be modular; the other non-catalytic scaffold subunits, such as Csm4 and Csm5, are largely immobile with respect to the RNA target.
The correlation between internal dynamics and enzymatic activity has also been reported for the type II single-subunit effector Cas9 Sternberg et al., 2015; Yang et al., 2018) . The DNA cleavage activity of Cas9 scales with the fraction of time it spends in the DNase-active state. Target mismatches prevent transition from a checkpoint state to the active state. Similarly, the Cse1 subunit of the type I Cascade complexthe putative homolog of Cas10 (Makarova et al., 2011) -is also conformationally flexible (Krivoy et al., 2018; Xue et al., 2016) . This flexibility is exploited in the Cas3 recruitment process to reduce off targeting . Together, these parallels imply that the employment of conformational flexibility to control function is a common feature for diverse CRISPR-Cas systems.
In summary, we showed that the conformational fluctuation of Cas10 is exquisitely regulated by the complementarity between the target RNA and crRNA. As such, Cas10's activity is controlled as a gradual dimmer rather than an on-off switch, allowing the host to tune its immune response to an optimal level according to the particular circumstance. The single-molecule imaging platform established here can be used to study Cas10-Csm/Cmr complexes from other species. It will also be interesting to directly observe the concerted action of the transcription complex and the type III CRISPR machinery.
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